A diverse range of complex patterns and mineralised hierarchical microstructures can be derived from chemobrionic systems, with formation driven by complex reaction-diffusion mechanisms far from thermodynamic equilibrium. In these experiments, self-assembling calcium phosphate tubes are generated using hydrogels made with 1 M calcium solutions layered with solutions of dibasic sodium phosphate over a range of concentrations between 0.2-1 M. Self-assembling structures prepared using 0.8 M dibasic sodium phosphate solutions were selected to assess cell-material interactions. Candidate chemobrionic scaffolds were characterised by micro-X-Ray fluorescence (µ-XRF) spectroscopy, Raman spectroscopy, powder X-ray diffraction (XRD), helium pycnometry and scanning electron microscopy (SEM). As prepared tubes were formed from non-stoichiometric hydroxyapatite (HA, Ca 10−x (PO 4 ) 6−x (HPO 4 ) x (OH) 2−x (0 ≤ x ≤ 1)), which was confirmed as calcium deficient hydroxyapatite (CDHA, Ca 9 (PO 4 ) 5 HPO 4 OH). Thermal treatment of tubes in air at 650°C for 4 h converted the structures to beta tricalcium phosphate (β-TCP, β-Ca 3 (PO 4 ) 2 ). The potential of these scaffolds to support the attachment of bone marrow derived mesenchymal stem cells (BMSCs) was investigated for the first time, and we demonstrate cell attachment and elongation on the fabricated tubular structures.
Introduction
Chemobrionics describes the control and exploitation of the chemical and physical phenomena behind self-organisation reactions that result in the formation of abiotic macro-, microand nano-material architectures. 1 Nature gives rise to a diverse range of complex patterns, hierarchical structures and geological formations, many of which are derived from chemobrionic principles. Upon the ocean floor, hydrothermal vents emit hot mineral rich fluid that precipitates in contact with cool seawater to form chimney-like structures. 2 In the polar oceans, descending plumes of cold brine from sea ice freeze the water around them to form hollow tubes of ice known as brinicles. 3 Within limestone caves, the precipitation of mineral rich water dripping from the cave ceiling can result in the formation of stalactite and stalagmite structures. 4 Structures resembling such forms can be grown in a laboratory in several different ways. In the classical approach, a metal-salt seed is submerged in an anionic rich solution. [5] [6] [7] [8] As the salt seed dissolves, a col-loidal semi-permeable membrane forms around itself from the precipitation of cations and anions. Steep concentration and pH gradients can be promoted across the membrane, leading to a build-up in osmotic pressure. Eventually this pressure can rupture the membrane at several sites to release streams of cations into the solution. Precipitation around these buoyant streams gives rise to hollow tubular forms. These self-assembling structures, more commonly referred to as "Chemical gardens", were first described in 1646 by German-Dutch scientist Johann Glauber. 9 Not only are the observations of structures growing in these experiments of value as an educational tool, 10 they may also help mankind to understand extra-terrestrial mineral formations, such as those found on Saturn's moon, Enceladus. 11 A resurgence in chemobiotic research interest has seen the advent of alternative and sophisticated methods of structural synthesis beyond a simple salt seed. For instance, precipitate self-assembly can also be made to occur at the interface between cation loaded hydrogels and anionic solutions. 12, 13 These systems have also been adapted to accommodate the growth of mineral at non-planar surfaces, such as gel spheres encapsulated with reactant ions. 14, 15 Alternatively, the controlled injection of a cationic solution into an anionic reservoir (and vice versa), can provide unique insights into growth regimes during self-assembly and offer greater influence over precipitate composition. [16] [17] [18] [19] Injection system set-ups can also be adapted to mimic the chemistry found in the early oceans of Earth in order to help understand the origins of life on our planet. [20] [21] [22] Surprisingly, there is relatively little work that examines the use of such systems for biotechnological applications. Regenerative hard tissue scaffolds that offer through porosity and micro channels for cellular ingress are preferred to provide an environment for new tissue formation. The creation of such complex material geometries, whilst being both chemically and structurally similar to native bone, remains challenging. 23, 24 However, we have recently shown that tubular calcium phosphate structures generated from a gel/solution interface closely resemble the structural motifs found in mineralised mammalian bones and teeth. 13 Furthermore, chemobrionic scaffolds have been shown to support biological components, only reinforcing the potential application of these intricate materials as regenerative cell supporting scaffolds. 14, 25, 26 In this paper, the generation of calcium phosphate structures was systematically explored. Structures were characterised by micro-X-Ray fluorescence (µ-XRF) spectroscopy, Raman spectroscopy, powder X-ray diffraction (XRD), helium pycnometry and scanning electron microscopy (SEM), prior to seeding candidate structures with bone marrow derived mesenchymal stem cells (BMSCs). Biological interactions were investigated by means of fluorescence imaging and SEM to confirm cell viability and attachment.
Experimental

Fabrication of chemobrionic calcium phosphate structures
Calcium nitrate tetrahydrate (Ca(NO 3 ) 2 ·4H 2 O, 99%, ACS reagent) and agar ((C 12 H 18 O 9 ) n ) were acquired from Sigma-Aldrich (Sigma-Aldrich, UK). Dibasic sodium phosphate heptahydrate (Na 2 HPO 4 ·7H 2 O, 98+%, ACS reagent) was acquired from Acros Organics (Thermo Fisher Scientific, UK). The gel was produced by dissolving 1 M Ca(NO 3 ) 2 ·4H 2 O and 5% w/v agar in 0.1 L distilled H 2 O, stirring at 250 rpm and heated to 80-90°C on an MR Hei-Standard magnetic stirrer hot plate (Heidolph, Germany). 5 mL of gel precursor solution was extruded into clear cylindrical containers using a 10 mL syringe and allowed to cool. Gels were stored at 4°C overnight and heated to 60°C for 15 min prior to usage to evaporate any condensation formed on the gel surface. The calcium concentration of the gel phase was kept at 1 M across all experiments. Phosphate solutions of varying concentration were prepared as specified.
Characterisation of candidate scaffolds
Micro-X-ray fluorescence (µ-XRF) spectra were acquired using an M4 Tornado instrument (Bruker, USA). Samples were exposed to a vacuum of 30 mbar within the instrument chamber with the X-ray tube operating at a voltage of 50 kV and an anode current of 300 mA. The presented data was an average of three accumulations collected over an acquisition time of 10 ms per measurement. Raman spectroscopy was performed using an inVia™ Raman microscope equipped with 532 nm laser and 2400 l mm −1 grating (Renishaw Plc, UK). The presented scans were an average of three accumulations acquired at 100% power and 30 seconds exposure time. Powder X-ray diffraction (XRD) was performed using a D8 Advance diffractometer instrument equipped with a Cu X-ray source (1.5418 Å) and LYNXEYE (1D mode) detector (Bruker, USA). Diffraction patterns were acquired between 14-45°2θ with a step size of 0.02°and step time of 0.3 seconds. Crystallisation was calculated in accordance with eqn (1). Scanning electron microscopy (SEM) was performed using a TM3030 table top scanning electron microscope (Hitachi, Japan). Samples were adhered onto double adhesive carbon discs attached to aluminium stubs. Samples were sputter coated before collecting secondary electron micrographs with the beam power at 10 kV. Structural density was obtained using an AccuPyc II 1340 helium pycnometer (Micrometrics, USA) over 5 cycles of 5 purges.
where, X c = percentage crystallinity, I c = area of crystalline peaks and I a = area of amorphous peaks (I c + I a considers the total area under the diffraction pattern).
Stem cell culture and imaging
Sheep bone marrow derived mesenchymal stem cells (BMSCs) were isolated as described elsewhere. 27 BMSCs were cultured under standard culturing conditions in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 1% L-glutamine, 1% PenStrep and 1% nonessential amino acids (NEAA) at 37°C and in 5% CO 2 atmosphere. Calcium phosphate tubes were sterilised with 70% ethanol followed by exposure to UV light for 30 min. The tubes were finally washed with culture media prior to adding samples to 12 well tissue culture suspension plates. BMSCs were seeded onto two types of tubes generated from the 0.8 M dibasic sodium phosphate system, as prepared tubes and thermally treated tubes, the latter of which were subjected to 650°C in air for 4 h. All experiments were conducted at the same cell density of 2.5 × 10 5 cells per well. Cells were cultured for 48 h at 37°C, 5% CO 2 conditions. The cells were then either stained with an R37609 ReadyProbes Cell Viability Blue/Green Imaging kit (Invitrogen, US) and imaged on an M5000 fluorescence microscope (EVOS, Thermo Fisher Scientific,), or fixed with 4% paraformaldehyde for further characterisation. The quantitative analysis of the viability assay was calculated using CellProfiler software (3.1.5) by identifying primary objects (nuclei) and measuring the total intensity from areas enclosed by the objects. A proportion of the fixed cells and tubes were freeze dried. Samples were snap frozen at −196°C using liquid nitrogen and freeze dried for 72 h using a Lablyo mini freeze dryer (Frozen in Time, UK). Freeze drying was performed under high vacuum conditions (4 × 10 −4 mbar) with the condenser temperature set at −55°C. Following this process, the cells and tubes were imaged using a TM3030 table top scanning electron microscope (Hitachi, Japan). The other proportion of cells and tubes were permeabilised using 0.5% Triton X-100, stained with Phalloidin, CF 488A conjugate (Biotium, United States) and mounted on slides using ProLong™ Gold Antifade Mountant with DAPI (Invitrogen, US). Images were acquired using a DM6000 Fluorescence Microscope (Leica, Germany) and processed using ImageJ software (Java 1.8.0_172).
Results and discussion
Evolution of chemobiotic morphologies
Chemobrionic calcium phosphate structures generated from dibasic sodium phosphate solutions (0.2-1 M) appear as white tube structures that form twisting patterns in the horizontal plane and grow upward through the phosphate solution ( Fig. 1a ). Tubes were slow to form when calcium hydrogels were layered with phosphate solutions between 0.2-0.3 M, with no tubes observed after 1 h. When the phosphate solution concentration was increased to 0.35 M, tubes were visible after approximately 30 min. After a prolonged induction time, tubes were seen to have formed in phosphate solutions of 0.2-0.4 M ( Fig. 1b ). This phenomenon of no immediate formation followed by the growth of structures may be a consequence of the relatively low concentration of phosphate present. Although system dependent, it has been shown that a longer induction time is needed for the formation and subsequent rupture of a colloidal semi-permeable membrane when the anionic reservoir concentration is decreased. 6, 13 Interestingly, at higher concentrations of 1 M, 0.9 M, 0.8 M, and infrequently at 0.7 M, a vast majority of structures form through a jetting regime characterised by tubes forming along continuous jets of buoyant metal-ion solution excreted from the gel/solution interface into the bulk phosphate solution. As described previously, 13 calcium ions at the surface of the gel interact with the phosphate ions in the overlaying anionic reservoir resulting in the formation of a colloidal semi-permeable membrane at the gel/solution interface. Water is then drawn across the gel/solution interface causing the hydrogel to swell. Pressure is then spontaneously relieved by rupturing the colloidal precipitate membrane. This results in the emission of streams of cation rich solution that enter the reservoir of reactant anions, giving rise to the precipitation of abiotic monoliths. Continuous growth of structures persists until a state of thermodynamic equilibrium or reactant ion species depletion. It is possible this type of growth occurs more readily at higher phosphate concentrations due to the diffusion, pH and concentration gradients established by a richer anion environment. 6, 7 Increases in phosphate solution concentration beyond a certain point can hinder and may even prevent structural for- mation, occurring either through ionic shielding effects or variations in density gradients that are capable of inhibiting advective transport of ions in these systems. 13 Whilst increasing the phosphate concentrations between 0.35-0.8 M proportionally increased both the tube frequency and tube length, at concentrations >0.9 M, the frequency of tubes decreased, while the tube length continued to increase. After 60 min, tubes grown from 1 M phosphate solutions reached 80 mm, while tubes grown from 0.8 M phosphate solution reached 74 mm, although the frequency of tubes grown from 0.8 M phosphate far exceeds that of the 1 M phosphate system ( Fig. 1a and c) . However, the concentration is proportional to the osmotic pressure which facilitates tube growth. Therefore, our observations are in agreement with the theoretical relationship between osmotic pressure and tube length for a given time frame. 31 Compositional and microstructural evaluation of selected scaffolds
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Autologous tissue has long been considered the "gold standard" for hard tissue regeneration. 28, 29 This is tissue that comes from the patient, but may be unsuitable for large defects due to limited quantity that can be harvested. Synthetic grafts, which can be produced in large volumes, are typically based on calcium phosphates that are osteoconductive and sometimes osteoinductive. 30 Advantageously, chemobrionic methods can be used to readily produce structural motifs and frameworks that are analogous to tubular architec-tures found in bone (e.g. Haversian canals, osteons etc. To demonstrate proof of concept that materials of this nature may be used as cellular scaffolds, tube structures generated from a 1 M calcium loaded hydrogel layered with 0.8 M dibasic sodium phosphate solution were selected to further examine cell-material interactions. This system exhibits a high degree of reproducibility and is capable of generating a rapid turnover of scaffold frameworks. Tubes confer porosity and micro channels for cellular ingress, which are features that are able to provide an environment for new tissue formation and vascularisation. 31, 32 Intricate tubular structures and networks found in mammalian bones and teeth enable nutritional mass transport, facilitating the survival of cells encased deep within these mineralised tissues. 33, 34 Tube structures may also provide a framework for fast forming organised vascularised hard tissue. 35 A decrease in phosphate solution pH was recorded during tube formation, beginning at pH 8.92 for a solution of 0.8 M dibasic sodium diphosphate solution, before gradually shifting to pH 8.78 over the course of approximately 3 h following layering upon calcium loaded hydrogel ( Fig. 2a ). This is consistent with the base consuming formation of apatitic mineral from aqueous solutions (eqn (2)).
10-xCa
Prior to characterisation, calcium phosphate tubes were washed in water to remove any undesirable soluble phases that may precipitate out of solution whilst drying the structures in air at 50°C (such as sodium-based salts). A selection of tubes was subjected to a thermal treatment in air at 650°C for 4 h in order to examine the effects of sintering the ceramic scaffolds on phase evolution. This approach was selected to demonstrate a potential processing route that can be applied to chemobrionic structures in order to achieve alternative compositional formulae of interest. As determined by XRF spectroscopy, structures comprised primarily of calcium and phosphorus (in the form of phosphate) (Fig. 2b ). No significant difference was found between the Ca/P ratio of as prepared (Ca/P = 1.4 ± 0.02) and thermally treated tubes (Ca/P = 1.4 ± 0.04) ( p = 0.1) ( Fig. 2b ). Whilst stoichiometric hydroxyapatite (HA, (Ca 10 (PO 4 ) 6 OH 2 ) has a Ca : P ratio of 1.67, a combination of impurities, ionic vacancies and calcium deficiencies can result in apatitic mineral with a Ca/P ratio as low as 1.3. 36 Raman spectroscopy was used to identify and differentiate calcium phosphate phases based on vibrational modes arising from H 2 PO 4 − , HPO 4 2− and PO 4 3− groups. The Raman spectrum of as prepared tubes was consistent with that of an apatitic phase akin to that of non-stoichiometric HA (Ca 10−x (PO 4 ) 6−x (HPO 4 ) x (OH) 2−x (0 ≤ x ≤ 1)), typically described as calcium deficient HA (CDHA, Ca 9 (PO 4 ) 5 HPO 4 OH) ( Fig. 2c) . A peak at 959 cm −1 was the most intense and was associated with a weak shoulder at 875 cm −1 . These peaks were assigned to the symmetric stretching mode (ν 1 ) of PO 4 3− and HPO 4 2− ions respectively of CDHA. Additional peaks located at 427 cm −1 and 447 cm −1 were assigned to O-P-O symmetric bending (ν 2 ), 578 cm −1 , 591 cm −1 and 608 cm −1 were assigned to O-P-O asymmetric bending (ν 4 ) and 1048 cm −1 (ν 3 ) was assigned to the asymmetric stretching of PO 4 3− groups.
For thermally treated scaffolds, Raman peak positions representative of specific phosphate ion vibrational modes were substantially altered (Fig. 2c ). Two intense bands at 948 cm −1 and 971 cm −1 were assigned to symmetric stretching mode (ν 1 ) of the PO 4 3− ion associated with beta tricalcium phosphate (β-TCP, β-Ca 3 (PO 4 ) 2 ). The splitting of this vibrational mode is characteristic of the β-TCP phase. This suggested the thermal transformation of CDHA to β-TCP (eqn (3)). 37
A peak present at 956 cm −1 may be representative of the symmetric stretching mode (ν 1 ) of the PO 4 3− ion arising from any remaining apatite mineral comprising the thermally treated structures. Substantial downshifting of this peak suggests a change in the chemical structure of the apatite phase relating to molecular arrangement, possibly due to the lengthening of P-O bonds in the changing apatite framework. Peaks between 400-490 cm −1 and 530-630 cm −1 were assigned to O-P-O symmetric bending (ν 2 ) and O-P-O asymmetric bending (ν 4 ) vibrational modes respectively consistent with β-TCP. A peak at 1044 cm −1 was further assigned to the asymmetric stretching mode (ν 3 ) of β-TCP. XRD was utilised to assess the crystallinity and further confirm the inorganic crystalline composition of as prepared and thermally treated tubes grown using 0.8 M dibasic sodium phosphate solutions (Fig. 1d) . Broad peaks were present at 22°, 23°, 26°and 32°2θ in the diffraction pattern of as prepared tubes suggesting a predominantly amorphous mineral component. Sharper and narrower peaks were present in the diffraction pattern of thermally treated tubes, suggestive of a more mature crystalline phase, with the most predominant peaks present at 26°, 28°, 31°and 34°. In agreement with the calcium phosphate phases identified by Raman spectroscopy, the diffraction patterns of as prepared tubes and thermally treated tubes were matched with diffraction patterns 00-046-0905 for apatitic calcium phosphate, specifically CDHA, and 00-055-0898 for β-TCP respectively, as available from the ICDD database. Both of these phases exhibit a Ca/P of 1.5, which is comparable to the Ca/P ratios determined by XRF spectroscopy for the respective samples. This further confirmed the thermal transformation of non-stoichiometric HA to β-TCP. Additional analysis of the diffraction patterns was used to confirm crystallinity following thermal treatment. As prepared samples were approximately 60-70% crystalline, whereas thermally treated samples were approximately 90% crystalline (determined using eqn (1) by solving for X c ). Moreover, it was estimated that <10% by mass of the thermally treated tubes was composed of remaining apatitic mineral.
SEM was used to analyse the microstructure of calcium phosphate tubes. We previously demonstrated that tubes generated using 0.5 M dibasic ammonium phosphate solutions consist of two microstructurally distinct phases, specifically a porous HA like outer layer and denser dicalcium phosphate dihydrate (DCPD) (also known as the mineral brushite) inner layer. 13 As prepared tubes generated from a 0.8 M dibasic sodium phosphate solution consisted predominantly of a porous outer microstructure (Fig. 3a) , not dissimilar to the HA like phase previously reported. Whilst tubes retained a porous surface microstructure following thermal treatment, densification of the outer tube wall was evident (Fig. 3b ). Helium pycnometry measurements of density (calculated as envelope density) confirmed a significant increase in density from 2.96 ± 0.004 g cm −3 to 3.66 ± 0.002 g cm −3 ( p = 1.1 × 10 −7 ) for as prepared and thermally treated tubes respectively. SEM also showed tubes to be approximately 50 µm in diameter. A broad range of pore diameters between 25-1000 µm has been shown to facilitate osteoblast activity and cellular ingrowth. 38 Pore sizes as small as 50 µm have also been shown to support bone ingrowth in vivo. 39 
Cellular interactions with chemobrionic scaffolds
Several approaches have been attempted to study cell-material interactions with chemobrionic scaffolds, including culturing cells in the presence of constructs but not in direct contact, 14 culturing cells in direct contact with constructs 25 and culturing cells entrapped within the precipitated component of the construct. 26 These studies have utilised a variety of cells types, including marine and mammalian cells. For tissue regeneration, specifically the regeneration of human hard tissues, the most relevant cells examined to date are MC3T3 pre-osteoblasts. 14 Whilst these cells were not cultured in direct contact with chemobrionic calcium phosphate scaffolds, the expression of osteogenic markers, including runt-related transcription factor 2 (RUNX2), transcription factor SP7 (SP7), collagen type 1 alpha 1 (COL1A1), and bone gamma-carboxyglutamic acid-containing protein (BGLAP), was significantly upregulated, evidencing the osteoinductive capacity of these materials. In this study, we demonstrate for the first-time direct cell-material interactions between calcium phosphate frameworks of this nature and sheep bone marrow derived mesenchymal stem cells (BMSCs). Stem cells are multipotent progenitors that are capable of differentiating down several specialised cell lineages, including that of bone, cartilage and cardiac cell types, making them highly valuable for applications in tissue engineering. 40, 41 Given that cellular adhesion is crucial for cell differentiation, migration and survival, demonstrating the adherence of BMSCs to chemobrionic scaffolds is a pivotal first step toward validating the future developments of materials. 42 In order to assess cell viability, scaffold BMSC cultures were stained with NucBlue® Live and NucGreen® Dead reagents and imaged using fluorescence microscopy. NucBlue® Live reagent stains mammalian cell nuclei, whilst NucGreen® Dead reagent stains only comprised nuclei. For ease of interpretation, live cells are shown in green and dead cells are shown in red, as opposed to green and blue respectively. Scaffolds demonstrated no adverse cytotoxic effect on BMSCs, the majority of which appeared viable across all samples examined ( Fig. 4a and b ). Furthermore, viable cells were shown to have adhered to both as prepared and thermally treated tube scaffolds.
Quantitative analysis of the NucBlue® Live and NucGreen® Dead staining images calculated using CellProfiler showed cell viability to be 90.8% ± 4.1% for the as prepared scaffolds and 75.8% ± 0.1% for the thermally treated scaffolds. It should be noted that the cells were seeded with the tubes in non-adherent plates to maximise the interaction with tubular scaffolds, however, unattached cells would have been subjected to subop- timal growth conditions that can lead to cell death. Quantitative analysis was inclusive of both cells attached to the scaffolds and non-adherent cells, suggesting cell adhesion to thermally treated tubes to be less extensive. In cell culture media, the partial fragmentation of the thermally treated scaffolds was observed, likely occurring as a result of additional handling and processing steps. Although damage to the thermally treated scaffolds was not considered extensive being as the majority of tubular structures appeared to remain intact, cell attachment and viability may still have been negatively affected as a consequence.
Filamentous actin was stained with CF 488A Phalloidin to assess the cell adhesion on both as prepared and thermally treated tubes. Fluorescence imaging following staining revealed an extensive level of cellular coverage upon calcium phosphate tubes, which appeared comparable for both as prepared and thermally treated structures ( Fig. 5a and b ). Samples were further examined using SEM to visualise the morphology of adhered BMSCs upon the chemobrionic frameworks in further detail. In order to preserve and stabilise the cell morphology following removal from the culture environment, we treated the scaffolds firstly with chemical fixative, Fig. 6 Morphologies of BMSCs cultured in direct contact with chemobrionic calcium phosphate tubes: (a) BMSCs attached to as prepared calcium phosphate tubes showed an extensive network cell extensions, not only interacting with the outer tube surface but also extending into tube apertures (b) BMSCs attached to thermally treated calcium phosphate tubes showed less extensive spreading and generally appeared more globular. 4% paraformaldehyde solution, followed by placing the scaffolds under vacuum in a freeze-dryer as a means of physical fixation. Although sufficient fixation of cellular components upon porous calcium phosphate substrates may be achieved by freeze-drying alone, scaffolds treated by a combination of chemical and physical fixation methods in succession appear to retain more cells. 43 We observed substantially different cell morphologies dependent on the underlying scaffold within 48 h of cell seeding. BMSCs adhered to as prepared scaffolds showed long multidirectional elongations extending along the outer surface of tubes (Fig. 6a) . Cellular elongations were also seen to be interacting with the openings of individual tubular scaffolds, indicating an extensive degree of adaption to the topological features present. Promisingly, the cellular morphologies are comparable to interactions shown between osteogenic scaffolds and human BMSCs. 44 In contrast, BMSCs cells adhered to thermally treated scaffolds displayed less cell spreading, generally presenting a rounded globular morphology with fewer observable elongations (Fig. 6b ). Considerable cellular elongation can suggest enhanced interaction with an underlying substrate. 45 It therefore appears that the as prepared tubes comprised of CDHA facilitate a more favourable surface for BMSC adherence. However, F-actin staining ( Fig. 5a and b) suggests that BMSCs attached to thermally treated tubes did undergo elongation, possibly comparable to observations made for as prepared scaffolds. Our observed differences in cell adhesion may be influenced by other factors, such as the partial fragmentation of some thermally treated scaffolds (leading to a comparatively lower cell viability).
Various other in vitro and in vivo studies have assessed cell adhesion and spreading on calcium phosphate substrates. In terms of cytocompatibility, no significant differences have been found between stoichiometric HA and CDHA. 46 Interestingly, increased mesenchymal stem cell cell adhesion and spreading has been shown upon β-TCP compared to HA. 47 Indeed, β-TCP is potentially more osteoinductive compared to HA, whereas HA is potentially more osteoconductive compared to β-TCP. 48 For this reason, scaffolds composed of more than one calcium phosphate phase have been developed in order to combine osteoconductive and osteoinductive properties. It has been reported that material composed of 70% β-TCP and 30% HA promoted elevated expression levels of osteoinductive proteins following implantation in a murine model. 49 Additionally, calcium phosphate scaffolds coated with adhesion proteins prior to cell seeding can improve attachment by four-fold. 50 Furthermore, HA is more stable in the physiological environment in comparison to β-TCP. As such, the ability to fabricate chemobrionic structures composed of apatitic and β-TCP phases may lead to scaffolds that undergo controlled physiologically mediated degradation to promote better conditions for cell interactions and adhesion. 47, 48 Our future work will focus on understanding the influence of chemobrionic calcium phosphate tube composition and topology on stimulating cellular biology, adhesion and spreading, as well as promoting osteogenic cell fate. This work also validates the exploration of developing more complex biomaterials for regenerative applications, such as constructs that are formed entirely of or incorporate chemobrionic structures.
Conclusions
Chemobrioinics is a field that describes the formation and self-organisation of abiotic macro-, micro-and nano-architectures by means of diffusion control. To this point, but a few researchers have utilised chemobrionic principles to develop biologically relevant materials for tissue regeneration applications. In this work, chemobrionic approaches are utilised to generate a range of microstructures, including tubular calcium phosphate frameworks composed of CDHA and β-TCP. Viable BMSCs were shown to readily attach to tubes of either composition, with cell morphology indicating that as prepared tubes provide a more favourable surface for interactions. The capacity of these structures to promote osteogenic cell fate is of considerable interest for future studies. Considering the chemical and structural similarity of these materials to human hard tissue, chemobrionic scaffolds could provide ideal candidates for bone regeneration. Mastering control over the generation of these self-assembling architectures may allow for the creation of a new class of chemobrionic biomaterials that can be further modified to enhance tissue growth (e.g. surface modification, delivery of growth factors etc.).
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